High levels of variability in gas exchange characteristics and degree of CAM-cycling were found in the same and different individuals of Talinum calycinum Engelm. collected from rock outcrops in Missouri. Differences in CO2 assimilation were mostly correlated with differences in shoot conductance to CO2 not shoot internal CO2 concentration. As found previously, CAM acid fluctuations were evident in well-watered plants exhibiting C3 gas exchange patterns (CAM-cycling) Recently, several species of plants have been found having characteristics of both C3 and CAM plants. A now-classic example is that of Mesembryanthemum crystallinum which is a C3 plant when well-hydrated yet converts to CAM when droughtor salt-stressed (39, 40). The ecophysiological significance of such C3-CAM intermediacy is obvious: growth is maximized via the C3 pathway when water is plentiful, while water conservation is maximized via CAM during droughts. On the other hand, the ecophysiological significance of another form of C3-CAM intermediacy is less clear. Many species are now known which exhibit C3 gas exchange patterns accompanied by CAM-like tissue acid fluctuations (Table I) . When stomata are closed at night, tissue
The ecophysiological significance of the nocturnal assimilation of atmospheric CO2 via CAM in many plants inhabiting xeric macro-or microhabitats is now quite clear-conservation of water (11) . Since nights are nearly always characterized by lower temperatures and higher relative humidities, compared with days, fewer moles of water are lost by CAM plants per mole of CO2 fixed at night, relative to non-CAM plants (10, 11) . Of course, this higher WUE3 is only true if the stomata of CAM plants remain closed for most of the day.
Recently, several species of plants have been found having characteristics of both C3 and CAM plants. A now-classic example is that of Mesembryanthemum crystallinum which is a C3 plant when well-hydrated yet converts to CAM when droughtor salt-stressed (39, 40) . The ecophysiological significance of such C3-CAM intermediacy is obvious: growth is maximized via the C3 pathway when water is plentiful, while water conservation is maximized via CAM during droughts. On the other hand, the ecophysiological significance of another form of C3-CAM intermediacy is less clear. Many species are now known which exhibit C3 gas exchange patterns accompanied by CAM-like tissue acid fluctuations (Table I) . When acidity increases, presumably a result of the fixation of respiratory CO2 by PEP carboxylase (27, 28, 41) . Upon illumination, the stomata open and atmospheric CO2 is fixed in addition to CO2 arising from decarboxylation of acid.. Thus, tissue acidity decreases throughout the day. Because all atmospheric CO, is fixed by RuBP carboxylase/oxygenase, these plants exhibit C,-like stable carbon isotope ratios (16, 18, 26, 29) . This phenomenon has been termed 'CAM-cycling' (26) and has been reported in 43 species in 15 families (Table I) Thus far, three hypotheses have been forwarded regarding the potential benefits of CAM-cycling: (a) Ting et al. (21, 23, 34) have suggested that this process is simply a precursor to CAMidling (described below). It is clear, however, that CAM-cycling is not a prerequisite for CAM-idling since some plants lack entirely acid fluctuations when well-watered, yet undergo CAMidling when drought-stressed (7); (b) Martin et al. (16) (17) (18) have hypothesized that plants with CAM-cycling will benefit from the conservation of CO2 otherwise presumably lost through the cuticle or incompletely closed stomata at night. However, this hypothesis, strictly interpreted, is untenable since a plant must expend the same amount of energy to fix internally produced CO2 as for atmospheric C02; and (c) on the other hand, Cockbum (2) has suggested that such refixation should conserve water. This assumes, of course, that the plant would fix more atmospheric CO2 if internal CO2 were not available. Unfortunately. no data are available estimating the amounts of water potentially conserved.
CAM-idling is similar to CAM-cycling in that nocturnal increases in acidity are also observed without concomitant stomatal opening (27, 28) . Unlike CAM-cycling, however, CAM-idling occurs only under severe drought stress. Thus, stomata remain closed throughout the day and night. This process has been detected in plants with C3, CAM, and CAM-cycling modes of photosynthesis (7, 16, 18, 21, 23, 28) . The ecophysiological significance of CAM-idling is presumably the maintenance of an active metabolic state during severe droughts, allowing rapid recovery of photosynthetic gas exchange after minimal precipitation events (27, 28) .
CAM-cycling is found in several species of succulents growing in shallow soil overlying rock outcrops in the USA (16) (17) (18) . Although one such plant, Talinum calycinum, has been investigated previously and can undergo both CAM-cycling and CAMidling (18) , many questions regarding these processes remain unanswered. It has yet to be shown that the predominant acid involved in CAM-cycling in this species is malic acid. Also, levels of variability in this process have been ignored. Finally, though Martin and Zee (18) calculated the amount of CO, conserved by CAM-cycling in T. calycinum, no attempts were made to estimate the amount of water potentially conserved as a result of refixing internal CO2 at night. Thus, it was the purpose of this paper to investigate further the process of CAM-cycling in this species, focusing on the potential conservation of water resulting 1 month, then returned to the greenhouse. Subsequently produced shoots were also used in the experiments. All plants were either flowering or with flower buds when used for measurements.
Gas Exchange and Acid Fluctuations. Rates of CO, and H,O vapor exchange of each of 13 plants were monitored continuously for 2 to 4 d after sealing the shoot in the gas exchange chamber; data from d 1 were never used. Plants were kept well watered. Description of the chambers, gas exchange system, calculations of gas exchange, and determinations of tissue dry weight have been described previously (16, 18) . Whole-shoot conductances to CO2 and internal CO2 concentrations were calculated using equations from Farquhar and Sharkey (5). WUE was calculated by dividing a single CO2 uptake rate by the simultaneous transpiration rate, or integrated WUE were derived from CO2 and H20 exchange data throughout an entire day. Chamber environmental conditions were: PPFD inside the chamber of approximately 1500 ,tmol m-2 s-1 (14-h photoperiod), day/night temperatures of 30.0/20.0°C, and a 24-h dew point of 13.0°C. Daytime leaf temperatures varied depending on placement of the thermocouple but were typically 1 to 2°C above air temperature. Chamber CO2 concentrations were usually within the range 340 to 360 ,ul L-l.
Simultaneously with monitoring gas exchange with one plant, two other plants (one in one experiment) were placed in identical chambers under the same environmental conditions. These plants were not monitored for gas exchange but instead were sampled for titratable acidity. This was necessary given the small size of the plants, i.e. gas exchange rates were too low after removal of tissue for acidity determinations. During the final 24-h period of gas exchange measurements, these plants were sampled for tissue titratable acidity shortly before lights-on and again before lightsout. Acid content of the gas exchange plants was also determined when plants were removed from the chambers.
Nine individuals of T. calycinum were allowed to dry under metal halide lamps for 24 h which was sufficient to induce leaf wilting and shrinkage. Three were then placed in gas exchange chambers while the others were used for determinations of tissue acid fluctuations as described above. Chamber environmental conditions were also as above. Attempts to measure water potentials of the leaves or shoot proved fruitless with either a pressure chamber or the Shardakov dye method, presumably a result of the succulent nature of the tissue as well as its high mucilage content. Regardless, plants for these experiments were clearly drought-stressed as indicated above (also see Table II) .
Effects of Temperature on Gas Exchange. Rates of CO2 and H2O vapor exchange of each of three plants were monitored continuously for 9 d after shoots were sealed in the gas exchange chamber. Plants were kept well watered throughout. PPFD plants given in Fig. 1A ). All plants responded to light by opening their stomata (Fig. 1B) , actively absorbing C02, and displaying lower shoot internal CO2 concentrations (Fig. IC) . In (gc) at 1400 h in 13 individuals of T. calycinum. Figure 1 (see "Materials and Methods").
Although the two plants in Figure 1 were selected for their uniformity in photosynthetic characteristics, a high level of variability was a more common finding (Figs. 3-5 ). Variability between days with the same plant can be small (see plants "A" and "B" in Figs. [3] [4] [5] or rather large (see plants "H" and "I" in Figs. 3-5 ). Environmental conditions were identical during all measurements. Between-plant variability in CO2 assimilation rates was also very high and was highly correlated with differences in shoot conductance to CO2 (Fig. 3) ; shoot internal CO2 concentrations did not differ substantially between plants (Fig.  4) . No correlation was found between WUE and plant conductance in 13 individuals of T. calycinum (Fig. 5) . High levels of variability were also encountered in nocturnal acid accumulation in 25 plants under identical conditions (Fig. 6 ). The range of nocturnal acid increase was 0 to 1262.18,ueq g-' DW; the mean and SD were given above.
Air temperatures less than 40°C had little effect on CO2 assimilation by T. calycinum, but higher temperatures decreased CO2 uptake rates (Fig. 7A) . Correlated with the high temperature-induced decline in CO2 uptake rates was a similar decline in shoot conductance to CO2 (Fig. 7B) . Internal CO2 concentrations did not change between 20 and 45°C (Fig. 7C) . Maximum WUE were observed at 20 and 25°C; high temperatures resulted in a drastic decline in WUE (Fig. 7D) . Although high levels of variability were encountered, the proton concentrations in plant extracts were usually twice the malate concentrations in the same extracts (Fig. 8) . This relationship was clearer at high acid contents than low.
DISCUSSION
Under well watered conditions, plants of T. calycinum undergo CAM-cycling, i.e. they exhibit C3 gas exchange patterns and CAM tissue acid fluctuations. Without water, T. calycinum maintains acid fluctuations while exhibiting little or no CO2 uptake.
Similar results were reported previously (18) . Some individuals of this species apparently can exhibit CAM under drought stress (one plant in this study; see also Martin and Zee [18] ).
Levels of variability in all photosynthetic parameters were very high. This includes day to day intraplant variability as well as that between individuals. Differences in photosynthesis may result from differences in past history before collection, different rhizome sizes, dissimilar developmental stages of the shoots, and differential treatment prior to experimentation, although attempts were made to minimize all these differences. Given the latter, it appears likely that much of the variability encountered results from genotypic differences. This does little, however, to explain differences in day to day responses with the same plant.
Without detailed analyses of photosynthetic responses to manipulated differences in internal CO2 concentrations, it is not possible to accurately differentiate stomatal effects from biochemical factors in interpreting differences in CO2 assimilation rates (5) . On the other hand, given the consistent results obtained here, it appears likely that differences in assimilation between and within well watered individuals of T. calycinum measured under identical environmental conditions are a result of differences in metabolic efficiencies of CO2 utilization. Since calculated shoot internal CO2 concentrations were remarkably similar between days and individuals, in spite of widely varying conductances, stomatal factors alone are probably not the main determinants of photosynthetic rates (1, 5) . It is not known to what extent differences in tissue acid content may contribute to differences in the biochemical capacity for atmospheric CO2 fixation.
Drought stress, even after 24 h, resulted in stomatal closure. Although drought stress conditions imposed in the laboratory were probably more severe than those typically encountered in the field, it can be predicted that T. calycinum reduces water loss relatively quickly when droughts occur by closing its stomata. This rapid response, coupled with metabolic maintenance through CAM-idling, will undoubtedly conserve water during droughts and should prove beneficial for survival during frequent droughts which occur in the shallow soil overlying rock outcrops.
If the acid accumulated overnight is decarboxylated quickly the next day, as is the case with species of Opuntia and Sedum (3, 25) , one might expect a plant with a high acid content to exhibit a high shoot internal CO2 concentration and, hence, a low CO2 assimilation rate. A comparison of photosynthetic parameters in T. calycinum at 1000 h and at 1500 h indicates that, although acid levels are higher earlier in the morning (18), shoot assimilation rates and internal CO2 concentrations do not differ (Table III) . Thus, either tissue acid contents in this succulent seldom reach levels high enough to influence photosynthetic gas exchange, internally produced CO2 is reassimilated at high rates, or acid decarboxylation is slow, as is apparently the case with other CAM species (6) .
Air temperatures exceeding 35°C diminished CO2 uptake, apparently by altering the biochemical capacity for CO2 fixation. Since the plant to air vapor pressure difference also increased with increasing temperature this is not an unusual response (1) . Assimilation of CO2 and WUE were maximal at 25°C. In a pre- [38] ).
Although the data are quite variable, it is likely that the major acid involved in the fluctuations of tissue acidity measured in T. calycinum is malic acid. The poor correlation between proton and malate concentrations at low tissue acid content is currently unexplained, yet such discrepancies have also been reported in other species (35) . Also, it is possible that other acids, e.g. citric acid, contribute to fluctuations in titratable acidity as has been found with other species (37) .
Martin and Zee (18) estimated that nocturnal respiration rates in T. calycinum would double if CAM-cycling did not occur.
Since CO2 release from the shoots is observed even with CAMcycling ( Fig. 1 ), this appears to be a reasonable assumption.
Theoretically, if a plant did not recycle respiratory CO2 in this way, yet were to maintain identical growth rates as a plant having CAM-cycling, the plant lacking CAM-cycling must increase its daytime uptake of atmospheric CO2 (or decrease its requirements of reduced carbon substrates and, hence, slow growth). Of course, the latter results in increased water loss by the plant-the amount dependent on the WUE at the time. With the results of this study, it is possible, therefore, to estimate the amount of water potentially conserved by CAM-cycling in T. calycinum. Using overall average values for nocturnal acid accumulation, WUE, and daily integrated water loss, the amount of water potentially conserved over a 24-h period amounts to 197.28 mmol H2O g-DW, or almost 5% of the total daily water loss (Table IV) 
